Women with polycystic ovary syndrome (PCOS) are at increased risk of developing insulin resistance and type 2 diabetes mellitus (T2DM). In this study, we attempted to list the proteomic biomarkers of PCOS and T2DM that have been published in the literature so far. We identified eight common biomarkers that were differentially expressed in both women with PCOS and T2DM when compared with healthy controls. These include pyruvate kinase M1/M2, apolipoprotein A-I, albumin, peroxiredoxin 2, annexin A2, a-1-B-glycoprotein, flotillin-1 and haptoglobin. These biomarkers could help improve our understanding of the links between PCOS and T2DM and could be potentially used to identify subgroups of women with PCOS at increased risk of T2DM. More studies are required to further evaluate the role these biomarkers play in women with PCOS and T2DM.
Introduction
Polycystic ovary syndrome (PCOS) is a common endocrinopathy that affects 6-7% of women in reproductive age, according to three major epidemiological studies where classic diagnostic criteria were applied (1, 2, 3, 4). The modified diagnostic criteria (Rotterdam 2003) require two or more of the following: chronic ovulatory disorder (oligo-ovulation to anovulation and amenorrhoea), presence of hyperandrogenism manifested either in laboratory tests or in clinical symptoms and ultrasound evidence of polycystic ovaries where other causes of anovulation and hyperandrogenism have been ruled out (2, 5, 6) . The pathogenesis of PCOS has been linked to the development of insulin resistance and hyperinsulinaemia, which often progress to long-term risks for type 2 diabetes mellitus (T2DM) with its associated micro-and macro-vascular complications (7, 8, 9) .
A recent systematic review and meta-analysis showed that women with PCOS were four times more likely to develop T2DM compared with BMI-matched controls (10) . Insulin resistance is proposed as a key pathophysiological feature of PCOS contributing to reproductive, cardiovascular and metabolic disturbances. It is suggested that women with PCOS often have more severe pathologically distinct insulin resistance than weight-matched non-PCOS populations (11, 12) .
PCOS is also identified as a significant non-modifiable risk factor associated with T2DM by the International Diabetes Federation (13) . There is, however, currently no way of determining which young women with PCOS will go on to develop T2DM in order to take appropriate preventative measures. An economic evaluation estimated that 40% of the economic costs of PCOS in the USA can be attributed to T2DM. This highlights the need for prevention of long-term complications through appropriate screening, diagnosis and intervention (14) .
Proteomics is an emerging discipline that involves a large-scale study of the structure and function of proteins allowing the researcher to define protein expression changes in a single experiment (15) . In a recent literature review of MEDLINE (1966 ( -May 2012 , EMBASE (1980 -May 2012 and Cochrane (1993-May 2012) databases using the terms 'proteomics', 'proteomic', 'type 2 diabetes' and 'PCOS' or 'PCOS', no studies were identified in which proteomic techniques were used in PCOS women who also had T2DM. There were, however, studies in which proteomic techniques had been used in the study of T2DM and studies in which proteomic approaches had been applied to women with PCOS. The aim of this study was, therefore, to systematically review the research undertaken using proteomic methodologies for the identification of biomarkers in T2DM and identify whether there were any potentially promising biomarkers for the detection of T2DM risk in women with PCOS by carrying out a search of these biomarkers against an updated previously published database of all proteomic biomarkers identified so far in women with PCOS (16) . Any biomarker common to both conditions could, therefore, be investigated in further studies to understand the mechanisms linking T2DM with PCOS with a potential to facilitate screening by identifying women with PCOS who have high risk of developing T2DM.
Methodology
Institutional Review Board (IRB) approval was not obtained for this study as it was not considered necessary because the study did not involve patient contact. As a meta-analysis (quantitative analysis of the results) was not possible in this study, a heterogeneity evaluation was not warranted.
Studies eligible for review MEDLINE (1966 -May 2012 , EMBASE (1980-May 2012) and Cochrane (1993-May 2012) databases were searched using the terms 'proteomics', 'proteomic' and 'type 2 diabetes'. The inclusion criteria were studies that used proteomic technology in humans with T2DM. Animal studies or studies in which cell lines of patients with PCOS were investigated were excluded. To minimize bias and improve accuracy, this search was carried out independently by three of the authors (N G, T A and M X).
The original PDFs of studies obtained from the search were located through direct online links to the files from the search results. A manual search of references from all the studies was also conducted to identify any other potentially relevant studies. The search criterion ended by May 2012.
The main characteristics of the studies
The selected studies were screened and specific study characteristics were recorded. These included type of study design, number of participants (n) and population characteristics, type of proteomic technique used, focus of sample collected in each study (whether serum or saliva sample) and a list of proteins identified to have been expressed differently in patients with T2DM vs healthy controls was created. These parameters are presented in Table 1 . To improve accuracy, screening of the studies was independently performed by three of the authors (N G, T A and M X).
Methodological quality assessment
The methodological quality of primary studies applying proteomics in T2DM was determined using the QUADOMICS Tool, an adaptation of a quality assessment tool for use in systematic reviews of the diagnostic accuracy studies (QUADAS), which takes into account the particular challenges encountered in '-omics'-based techniques (17) . The criteria that comprise the QUADOMICS Tool are shown in Fig. 1 . Studies that achieved 10/16 or more on the QUODOMICS Tool were classified as high quality (HQ) whereas those that scored 9/16 or less were classified as low quality (LQ). The methodological quality assessment was also performed independently by three authors (N G, T A and M X).
Updating the PCOS proteomics database
The methods used to search for and abstract the data on the PCOS proteomic database have been previously published (16) . An updated literature search was performed on MEDLINE (1966-May 2012), EMBASE (1980-May 2012) and the ISI web of knowledge (v4.2) databases using the following search terms 'PCOS' and 'proteomic', 'proteomics', 'proteomic biomarker' or 'proteomics biomarker' without any limits/restrictions. All relevant studies published since the previous database was published were reviewed. Thirteen papers (16, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29) were identified including four review articles and one study on mice. The review articles and the study on mice (21, 26, 27, 29) were excluded apart from a previous review article from our group in which original data on new biomarkers for PCOS had been published (16) . A further three studies were abstracts from conference proceedings with no primary proteomic data on PCOS and so they were also excluded (22, 23, 24) . Data from three of the remaining studies could be accessed through direct online links to the files from the search results (18, 19, 25) . No other sources were used to obtain the selected articles.
Search for common biomarkers identified in primary studies of T2DM in the database of proteomic biomarkers for PCOS All proteomic biomarkers for T2DM identified in this systematic review from the primary studies were searched on the updated database of proteomic biomarkers for PCOS. Where there were any 'hits', a note was made of the original tissue in women with PCOS where these biomarkers had been identified and a note made of their function. This process was independently validated by three of the authors (N G, T A and M X).
Results
Proteomic studies for T2DM Figure 2 demonstrates the selection process of the primary studies where proteomic methodologies were used for the identification of biomarkers in T2DM. The 
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www.eje-online.org initial search conducted through MEDLINE yielded 145 articles that included 30 reviews. After screening the titles and abstracts, 17 primary studies were isolated. Studies were excluded if they were review articles, proteomic techniques were not used or if they did not compare T2DM with a healthy control group. Six studies involving animals only and two comparing different proteomic approaches were further excluded leaving nine primary studies (30, 31, 32, 33, 34, 35, 36, 37, 38) evaluated in this review. Further searches of the Cochrane and EMBASE databases and hand searching of the references of relevant manuscripts did not yield additional articles.
General characteristics of the studies included
A total of nine studies were identified from the literature (Table 1) involving at least 290 participants (one study did not specify its sample size (38) ). In the studies, the samples were collected from different sites: serum in five studies (32, 33, 36, 37, 38) , saliva in three studies (30, 31, 35) and Cadaveric pancreatic islet cells in one study (34) . With the exception of one study, the selection criteria were overall adequately described (32) . The study population was fully described in eight studies whereas Zhang et al. (2004) (38) failed to state its sample size. Various proteomic techniques were used in the nine studies with surface-enhanced laser desorption/ionization time-of-flight (SELDI-TOF), matrix-assisted laser desorption time-of-flight (MALDI-TOF) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) being the most common (Table 1) .
Assessing the quality of the relevant studies Table 2 summarizes the quality assessment process in accordance with the QUADOMICS Tool (17) . Six out of the nine studies were classified as HQ fulfilling at least ten out of the 16 criteria (30, 31, 33, 34, 35, 37) . The three remaining studies were classified as LQ achieving 8 or 9 out of the 16 quality (32, 36, 38) . Of particular note was that none of the studies explicitly stated that the index test results were interpreted without knowledge of the results of the reference standard and vice versa, thus failing to achieve the 12th and 13th criteria of the QUADOMICS (17) . Furthermore, the 2nd and 14th quality criteria of the QUADOMICS (Fig. 1) were not applicable (NA) for this review as the studies were conducted on T2DM patients of mixed sex and older age compared with the PCOS patients that are the subject of interest of our study.
1. Description of selection criteria.
2. The spectrum of patients used in each study is representative of the patients who will receive the test in practice.
3. Full description of the sample size.
4. Adequate description of the procedure and timing of the collection of biological sample with respect to clinical factors.
5. Adequate description of handling and pre-analytical procedures-were these the same for the whole sample?
6. The period between the reference standard and the index test is short enough to reasonably guarantee that the target condition did not change between the two tests.
7. The reference standard is likely to correctly classify the target condition.
8. The whole sample or a random selection of the sample received verification using a reference standard of diagnosis.
9. The patients received the same reference standard regardless of the result of the index test.
10. The execution of the index test is sufficiently described to its permit replication.
11. The execution of the reference standard is sufficiently described to its permit replication.
12. The index test results are interpreted without knowledge of the results of the reference standard.
13. The reference standard results are interpreted without knowledge of the results of the index test.
14. The same clinical data is available when test results are interpreted as it would be when the test is used in practice.
Any uninterpretable/ intermediate test results are reported.
16. The presence of overfitting was most likely avoided. Figure 1 According to QUADOMICS Tool, the following methodological criteria were applied to this review.
Initial search through PubMEd (n = 145). No extra studies were identified in Cochrane, EMBASE and CINAHL databases and hand searching of the references of relevant manuscripts n = 17 n = 9
Reasons for initial exclusion: reviews, proteomic techniques not used or did not compare T2DM with a healthy control group Six studies were excluded because they only involved animals and two because they only compared different proteomic approaches Cross-referencing proteomic biomarkers identified in primary studies of T2DM in the database of proteomic biomarkers for PCOS Thirty-two additional proteomic biomarkers for PCOS were identified in the process of updating the PCOS proteomic database (available on request) and these were merged with the old database (16) . Some biomarkers were variants of the same protein that was presumed to be due to varied post-translational modifications or splicing variants. A free text search of the PCOS proteomic biomarker database was carried out using the 191 T2DM proteomic biomarkers identified in the nine studies evaluated in the systematic review of T2DM proteomic biomarkers.
This exercise identified eight proteomic biomarkers that were differentially expressed (either over-or underexpressed) in both patients with PCOS and with T2DM when compared with healthy controls. These biomarkers include pyruvate kinase M1/M2 (PKM1/M2), apolipoprotein A-I, albumin, peroxiredoxin 2, annexin A2, a-1-B-glycoprotein (A1BG), flotillin-1 and haptoglobin.
Discussion
This study has, for the first time, identified a panel of eight proteomic biomarkers that were differentially expressed (either over-or under-expressed) in both women with PCOS and women with T2DM when compared with healthy controls. These are interesting findings but they will need to be validated, and further studies will need to investigate how these proteins interact with themselves and other proteins to explain the link between PCOS and T2DM. A consistently emerging theme from studies using proteomic approaches in PCOS is the potential role of immunoregulation/inflammation and antioxidants in the pathogenesis of the condition. These two pathways have also been implicated in T2DM and insulin resistance, both of which are of concern in women with PCOS (1, 2, 3, 4, 5, 6, 7).
Our findings show PKM1/M2 to be elevated both in patients with PCOS and with T2DM. Pyruvate kinase catalyzes the last step of glycolysis where phosphoenolpyruvate is converted to ADP. PKM2 is known to interact with a variety of biological molecules such as A-Raf, FGFR-1 and Jak-2 mutant and is also implicated in cancer metabolism (39) , which could contribute to the increased incidence of certain malignancies observed in T2DM and PCOS compared with the rest of the population (40, 41) . For this reason, it should be further explored whether the increased levels of PKM1/M2 observed in both T2DM and PCOS may represent a common defect in glucose metabolism.
Apolipoprotein A-I was found to be down-regulated in both PCOS and T2DM when compared with healthy controls. This is the transporter protein of HDL and its down-regulation in both T2DM and PCOS is associated with the reduction of HDL levels (in combination with the proposed increase in fractional HDL clearance especially in T2DM) (42) . The reduced levels of ApoA-I present in the granulosa cells of women with PCOS could affect cholesteryl ester uptake, which, in turn, would be expected to disturb normal steroidogenesis pathways by limiting the initial substrate (18) . Both these mechanisms could contribute to the increase in prevalence of cardiovascular and cerebrovascular accidents observed in patients with T2DM and PCOS compared with the rest of the population. As a result, the presence of downregulated apolipoprotein A-I in women with PCOS could be associated with the development of T2DM and/or cardiovascular complications. Quality criteria numbers 1-16 are described in Fig. 1 . Y, criterion achieved; N, criterion not achieved or not mentioned; HQ, high quality; LQ, low quality; NA, not applicable.
As supported by the Deckert's Steno hypothesis, urinary albumin excretion, a marker of an atherogenic milieu, directly reflects the state of endothelial function and early endothelial damage (43) . Our findings show albumin to be down-regulated in both patients with T2DM and PCOS. Many aetiologies have been proposed in the case of T2DM including the fact that poorly controlled diabetic patients may have elevated vascular and renal permeability to albumin and hence decreased serum albumin (44) . Similarly, the reduced albumin levels in women with PCOS can be attributed to the subclinical atherosclerotic changes evident in women with PCOS (7, 8, 9) . Given the fact that albumin levels can be determined with relatively simple tests, albumin could practically be an important biomarker in determining the risk of developing T2DM and/or cardiovascular disease in women with PCOS.
Peroxiredoxin 2 was another protein found to be down-regulated in both patients with T2DM and PCOS. Peroxiredoxin-2 has an antioxidant activity and its down-regulation in both PCOS and T2DM indicates oxidative stress and toxicity processes (45) . In fact, oxidative stress has been suggested to occur in many disorders related to insulin resistance like T2DM and PCOS (46) . Furthermore, studies have recently suggested that reactive oxygen species induce oxidative stress that stimulates androgen-producing steroidogenic enzymes leading to the hyperandrogenism observed in women with PCOS (47, 48) .
Our review also found that annexin A2 was downregulated in both patients with T2DM and PCOS. Annexin A2 is the main physiological receptor for plasminogen on the extracellular surface of endothelial cells and has been found to be a vulnerable target for glycation, quickly responding to restoration of normoglycaemia (49) . Its glycation may impair the appropriate formation of the plasminogen/tissue plasminogen activator/annexin complex, disrupting a key regulatory mechanism in fibrinolytic vigilance. It is thus plausible to postulate that, in T2DM, the delicate balance of coagulation/fibrinolysis would be tilted towards enhanced coagulation and thrombosis (49) . We thus hypothesize that the down-regulation of annexin A2 found in some women with PCOS could be a strong marker for the development of T2DM in this group.
Our exercise found that A1BG was over-expressed in both patients with T2DM and PCOS. A1BG was discovered decades ago; however, no biological function or association to any disease has been assigned to it yet (50) . A study found that A1BG was higher in premenopausal women when compared with men of the same age (51) . These findings are consistent with other results where aging and sex hormones were suggested to contribute to the expression of A1BG (50) . Another study suggested that A1BG is a member of the immunoglobulin family, which serves diverse functions based on molecular recognition especially in the immune system and in cell adhesion (52) . Thus, the hormonal and immunological disturbances in both PCOS and T2DM might explain this over-expression.
Our exercise also found that flotillin-1 was overexpressed in both patients with T2DM and PCOS. Flotillin-1 stimulates the activation of glucose transporter 4 in response to insulin and is a regulator of insulin function (32) . It is thus over-expressed in the hyperinsulinaemic state of T2DM. It is established that PCOS is associated with hyperinsulinaemia, insulin resistance, abnormal glucose metabolism and ultimately T2DM (53) ; therefore, the presence of flotillin-1 in PCOS women may predict the development of T2DM.
The final protein identified to be over-expressed in both T2DM and PCOS was haptoglobin. This protein interacts with haemoglobin and is found to be elevated in response to inflammation and oxidative stress (38) . Its over-expression in both PCOS and T2DM could thus be explained on the basis that both conditions have an inflammatory component (3, 4, 54) .
Although proteomic and other '-omic' technologies offer a great potential for the generation of new insights into disease aetiology, concerns have been expressed about the relatively slow pace at which research findings have been translated into clinical care (55) . There has been a call for greater focus on data integration from primary proteomic studies in order to improve translation of research findings and prospective validation (56) . The sample sizes and number of biomarkers identified following these studies runs the risk of false positives and this is a limitation of all biomarker studies. These issues again emphasize the need for collaboration, data synthesis and integration (as done in this review) in order to identify a shortlist of replicated biomarkers that can be validated in subsequent hypothesis-driven research. We therefore see great value in informing the scientific community about these research findings at this stage as in the area of 'omic' research, data sharing and collaboration is vital for progress. For example, an independent research group with access to stored tissue samples from women with PCOS who have had T2DM may, based on this review, decide to independently verify the biomarkers identified in their cohort that would save time.
In summary, by integrating data from proteomic studies in T2DM with data from proteomic studies in PCOS, we have for the first time identified a panel of eight promising biomarkers of T2DM in women with PCOS including PKM1/M2, apolipoprotein A-I, albumin, peroxiredoxin 2, annexin A2, A1BG, flotillin-1 and haptoglobin. If validated, these biomarkers could provide a useful framework on which the knowledge base in this area could be developed and will facilitate future mathematical modelling to enhance screening and prevention of T2DM in women with PCOS who have been shown to be at increased risk. A wellcoordinated multidisciplinary collaboration of basic scientists, clinicians and mathematicians is vital to achieve this goal.
